Summer moisture changes in the Lake Qinghai area on the northeastern Tibetan Plateau recorded from a meadow section over the past 8400 yrs by Li, Xiangzhong et al.
Contents lists available at ScienceDirect
Global and Planetary Change
journal homepage: www.elsevier.com/locate/gloplacha
Summer moisture changes in the Lake Qinghai area on the northeastern
Tibetan Plateau recorded from a meadow section over the past 8400 yrs
Xiangzhong Lia,⁎⁎, Xiangjun Liub,⁎, Yuxin Hec, Weiguo Liua,e, Xin Zhoud, Zheng Wanga
a State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Science, Xi'an 710061, China
b Key Laboratory of Salt Lake Geology and Environment of Qinghai Province, Qinghai Institute of Salt Lakes, Chinese Academy of Sciences, Xining, 810008, China
c School of Earth Sciences, Zhejiang University, Hangzhou 310027, China
d Institute of Polar Environment, School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, China
e School of Human Settlement and Civil Engineering, Xi'an Jiaotong University, Xi'an 710049, China
A R T I C L E I N F O
Editor: Dr. T.M. Cronin
Keywords:
Plant δ13C
Summer monsoon
Mid-Holocene
Northeastern Tibetan Plateau
Lake Qinghai
A B S T R A C T
Holocene climatic and environmental changes on the northeastern Tibetan Plateau (TP) have been widely dis-
cussed based on the climatic records from sedimentary cores. However, diﬀerences in the reconstructed climatic
history from various studies in this region still exist, probably due to inﬂuence of climatic proxies from multiple
factors and the chronological uncertainties in lacustrine sediments. Here we present records of terrestrial plant
δ13C, soil color and total organic carbon content over the past 8400 years from a well-dated meadow section on
the northeastern TP. The terrestrial plant δ13C value serves as a good summer precipitation/moisture indicator in
the studied region. Soil color property and TOC content are also able to disentangle the moisture evolution
history. All the data show much wet climates at 8400–7400 cal yr BP, dry climates at 7400–6000 cal yr BP and
then wet conditions with ﬂuctuation at 6000–3200 cal yr BP. Late Holocene moisture appears to be comparable
with moist conditions from 6000 to 3200 cal yr BP. By further comparing the climatic variations in the Lake
Qinghai area with records of the reconstructed summer temperature and the Asian Monsoon precipitation, we
believe that the pattern of moisture/precipitation evolution in the Lake Qinghai area was not completely con-
sistent with regions around Lake Qinghai, probably due to complicated interaction between the East Asian
Summer Monsoon and the Indian Summer Monsoon.
1. Introduction
The Tibetan Plateau (TP) is in a climatic junction where the East
Asian Summer Monsoon (EASM) and the Indian Summer Monsoon
(ISM), and the Westerlies system strongly interact with each other. It is
one of the most sensitive regions to climate change, which makes the TP
an important region in the realm of paleoclimatic reconstruction. Many
studies have suggested that there appears a gradual trend from a rela-
tively warm and wet early Holocene to a cool and dry late Holocene
(Gasse et al., 1991; Zhang and Mischke, 2009; Herzschuh et al., 2014).
For example, the pollen data and the paleoshore-line proﬁle from Lake
Sumxi Co and Longmu Co area suggest that the climate constantly be-
came dry with slight ﬂuctuation after 8000 cal yr BP (Gasse et al., 1991;
Pan et al., 2012; Dietze et al., 2013; X.J. Liu et al., 2016; X.X. Liu et al.,
2016). This pattern seems follow closely the solar insolation in the
Northern Hemisphere, which reached its peak in the initial stage of the
Holocene. However, other records instead have suggested that the
Holocene optimum for the TP occurred at 8000–6000 yr BP (mid-Ho-
locene), followed by a signiﬁcant drying trend throughout the late-
Holocene (An et al., 2001; Herzschuh, 2006). Many records have shown
a lake lowering phenomenon at 8000–6000 cal yr BP, probably caused
by strong evaporation (He et al., 2014; Yan and Wünnemann, 2014).
Basically, diﬀerent modes among the TP region might be due to 1)
chronological inconsistency among records, 2) additional signal from
local topographical and climatic factors and 3) complex interaction
between the Asia monsoon system and the Westerlies system.
As the largest salt water lake in China, Lake Qinghai on the north-
eastern TP has been increasingly investigated for the Holocene paleo-
climates over recent decades (Zhang et al., 1989; Lister et al., 1991; Ji
et al., 2005; Liu et al., 2007; An et al., 2012; Lu et al., 2015; Liu et al.,
2014a, 2014b; Jin et al., 2015; X.J. Liu et al., 2016; X.X. Liu et al.,
2016). However, even in this single region, climate changes inferred
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from various environmental proxies from diﬀerent cores, or sometimes
even from the same core, are still often inconsistent. For instance, the
climate of the Lake Qinghai area has been suggested to have been re-
latively dry in the mid-Holocene, compared with the wettest early
Holocene, as inferred from carbonate and ostracod shell δ18O values
(An et al., 2012). Such a notion was also supported by other geo-
chemical data such as the Rb/Sr ratio (Jin et al., 2015), grain size (X.J.
Liu et al., 2016; X.X. Liu et al., 2016), total organic carbon (TOC) and
carbonate content (An et al., 2012; Liu et al., 2014a, 2014b).However,
other studies (Kelts et al., 1989; Zhang et al., 1989; Yu and Kelts, 2002;
Li and Liu, 2014; Liu et al., 2013; W.G. Liu et al., 2015; J.B. Liu et al.,
2015; H.Y. Wang et al., 2015; Z. Wang et al., 2015) have suggested a
wet climate in the mid-Holocene from the drier early Holocene, based
on pollen assemblage (Shen et al., 2005), redness (Ji et al., 2005) and
strong aeolian sand accumulation (Lu et al., 2015) and etc. In addition,
most of studies mentioned above mainly focused on the climatic
changes in the early Holocene instead of those over the middle to late
Holocene in the Lake Qinghai region.
There are two main reasons for the observed inconsistency in the
same lake. Firstly, the record from the lacustrine sedimentary archives
suﬀers from the complex yet not fully revealed reservoir eﬀect on 14C
dates (Hou et al., 2012), leading to the inconsistency if we directly
compare records with their absolute age from diﬀerent cores. Also, even
for the same core, the records are sometimes inconsistent, since the
proxies used in the lacustrine sedimentary archives are often inﬂuenced
by multiple factors. A record with good age control and proxy of good
indication on precipitation would be important for the paleoclimatic
interpretation on the Lake Qinghai region. In view of that, here we
selected a meadow section near Lake Qinghai on the northeastern TP,
with terrestrial plant fragments well preserved. The age model based on
AMS 14C analysis of terrestrial plant fragments in this meadow should
have more accurate chronology precision. We used δ13C analysis of
terrestrial plant fragments, soil color and TOC content as proxies of
moisture/precipitation change (Wang et al., 2008; Diefendorf et al.,
2010). On this base, the study would provide a record of precipitation/
moisture change from the land on the northeastern TP with better age
control, and to further understand climate change since the middle
Holocene on the Lake Qinghai region.
2. Study site
The study site lies in a valley ﬂoor at east side of Riyue Mountain,
within the Huangshui river catchment, and just adjacent to the Qinghai
Lake (Fig. 1a). The elevation of the sampling site is ~3080 m above sea
level and it locates at the marginal place of the ﬂat valley ﬂoor. The
mean annual precipitation and evaporation in this region are ~450 mm
and ~1450 mm, respectively. The annual precipitation shows a tem-
poral variability, and most (60%) falls in the summer months (Ju-
ne–August). In addition,> 60% of the evaporation occurs in the
summer. The mean annual temperature is ~2–3 °C in this region (based
on the meteorological data from the Huangyuan weather station for the
past 50 years). The vegetation surrounding the section is speciﬁc to
semi-arid to arid climates and high altitudes and consists principally of
alpine meadows and steppe grasses.
3. Materials and methods
3.1. Materials
The proﬁle is 2.45 m in depth (HYXS section), where marsh sedi-
ments comprise the top ~2.25 m, and poorly sorted and subangular
gravels occur between 2.25 and 2.45 m (Fig. 2). The top 0.5 m of the
sediment is artiﬁcial piled up because some modern artiﬁcial products
were found within them (such as plastic). A sand layer with plant re-
siduals located between 0.5 m and 0.8 m seems to be the primary se-
diment as the grain size became coarse downward, if they were
disturbed by human activities, they might be mixed and will not have
such changes in grain size. Between 0.8 m and 2.25 m are primary
marsh sediments that are mainly silts containing plenty of plant re-
siduals, the amount of plant residuals decreased downwards (Fig. 2).
The environmental proxy samples were collected at a 2-cm interval in
HYXS section.
3.2. Methods
The soil samples were all freeze-dried. The macroscopic terrestrial
plant fragments were separated using tweezers from the soil samples for
the carbon isotope and AMS 14C measurements. The selected plant
fragments are washed clean using deionized water before acidiﬁcation.
The dried soil picked free of plant fragments was ground in an agate
mortar, sieved through a 200-mesh screen and homogenized, and the
prepared sample was used to measure lightness and total organic
carbon (TOC) content.
Five terrestrial plant fragment samples were measured for radio-
carbon dating via acceleration mass spectrometry (AMS) at the Beta
Analytic Laboratory (Florida, USA) and the Xi'an AMS Center, China
(Table 1). All samples for radiocarbon dating were treated chemically
according to the standard acid-alkali-acid procedure based on the labs'
analytic standard pretreatment protocols. The radiocarbon ages of the
samples were converted to calendar ages (Table 1) using the software
Calib702 (Reimer et al., 2009).
Color parameters were measured on all of dried samples without
plant. The dry powder samples were measured using a Konica-Minolta
CM-700 color meter, using the CIE standard (Yang et al., 2014). The
following parameters were obtained: L*, which expresses the degree of
lightness/brightness between black (0) and white (100), while a* and
b* denote the red-green and yellow-blue chromaticity, respectively.
The selected plant fragments and portions of the ground soil were
treated with 2 M HCl for 24 h at room temperature to remove carbo-
nates. Subsequently, the samples were rinsed to a pH of approximately
7 with deionized water and dried at 40 °C, and then the dried samples of
plant fragments and soil were used to organic carbon isotopic analysis,
TOC and TN content measurement, respectively. TOC content of fu-
migated soil samples and TOC/TN contents of plant fragments were
determined on an elemental analyzer (vario EL III), with errors <
0.2% for TOC, and 0.1% for TN.
The fumigated plant samples were combusted for 4 h at 850 °C in
evacuated sealed quartz tubes in the presence of 1 g of CuO, 1 g of Cu
and Pt foil. The carbon dioxide was then cryogenically puriﬁed. The
isotopic ratios of the puriﬁed CO2 were measured using a Finnigan MAT
251 gas source mass spectrometer at the Institute of Earth
Environmental, Chinese Academy of Sciences (IEECAS). The isotopic
ratios are reported using delta (δ) notation in per mil (‰) relative the
V-PDB standard for C. The overall precision of the δ13C analyses was
better than 0.2‰.
The correlation analysis on the plant fragments δ13C, TOC content
and brightness of soils in HYXS section is carried out using the software
IBM SPSS Statistics V21 in this study.
4. Results
4.1. Chronology
The top 50 cm of the section was altered by humans, which can be
proven by the AMS 14C age at the depth of 50–52 cm (Fig. 2, Table 1).
In addition, layer of gravel and sands which might be carried by ﬂash
ﬂoods was found in the section from 62 cm to 80 cm, so there may have
uncertainties of the age from this section, but the deposit is successive
without any gravel below 90 cm. In general, the sedimentary chron-
ology developed based on the 5 AMS radiocarbon dates from plant
fragments in this study (Fig. 2, Table 1). The age depth model of HYXS
section suggests that the meadow started to develop at around
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8400 cal yr BP in this region (Fig. 2). From the bottom of the section to
about 5200 cal yr BP covering the thin silts with much terrestrial plant
fragments, a lower sedimentation rate (~0.11 mm/yr) is observed
(Table 1). Between 5200 and 4000 cal yr BP, a higher sedimentation
rate (~0.53 mm/yr) was recorded in the part of the middle sedimen-
tary unit (Table 1). Then, the sedimentation rate slowed down a little to
~0.48 mm/year between 4000 and 3200 cal yr BP (Table 1). The sec-
tion of 0–3200 cal yr BP might contain higher chronological un-
certainty and should be treated as a whole (i.e. late Holocene) in the
following discussion section.
4.2. Brightness, TOC content of soil, and plant fragments C/N ratio and
δ13C
Brightness values vary show large variations, from values as low as
25.1% to as high as 47.8% with a mean value of 33.9% in the HYXS
section (Fig. 3a). Soil TOC content varies between 0.8% and 31.0%,
with an average of 18.0% (Fig. 3b). A correlation analysis also suggests
that the soil TOC content values are negatively correlated with the
brightness values throughout the section (p < 0.01, r =−0.81,
n = 87). In addition, terrestrial plant fragments δ13C value (δ13CPL)
varies from−27.2‰ to−25.2‰with a mean value of−26.1‰ in the
section (Fig. 3c), which shows the similar changing trend with bright-
ness value (p < 0.01, r = 0.33, n = 86) but opposite trend with soil
TOC content (p < 0.01, r =−0.31, n = 86).
In general, the δ13CPL value and brightness value show low mean
value in the period from ~8400 to 7400 cal yr BP in the HYXS section,
varying from −27.2‰ to −26.3‰ and 30.0% to 35.5%, respectively
(Fig. 3). The TOC content shows high mean value with increased trend
from 14.9% to 25.9% in this period (Fig. 3). Then, δ13CPL value and
brightness value vary from −25.8‰ to−25.2‰ and 31.3% to 47.2%
from ~7400 to 6000 cal yr BP (Fig. 3), with the highest mean values of
−25.5‰ and 40.8% in the HYXS section, respectively. Instead, the
TOC content varies from 11.5% to 18.2% with its mean minimum value
of 14.2% for the whole section (Fig. 3). After 6000 cal yr BP, both
δ13CPL value and brightness value showed a decreased trend with little
ﬂuctuation until ~3500 cal yr BP, and varied from −25.4‰ to
−26.8‰ and 25.1% to 42.3% (Fig. 3), respectively. The TOC content
ﬁrstly increased from 13.9% to 22.4% from 6000 to 5000 cal yr BP,
then the value decreased to 16.4% at ~4700 cal yr BP, and then
reached its peak value (29.4%) at ~3700 cal yr BP (Fig. 3). From
~3500 to present, δ13CPL value, brightness value and TOC content all
Fig. 1. Location of Qinghai Lake (a) and sampling site near
Lake Qinghai (a and b). Yellow arrows in (a) represent three
atmospheric circulation systems: the Indian Summer
Monsoon, the East Asian Summer Monsoon, and the
Westerlies. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version
of this article.)
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varied with large ﬂuctuation in HYXS section, and δ13CPL value showed
a decreased trend during this period (Fig. 3).
5. Discussion
5.1. δ13CPL as a proxy of precipitation/moisture variation
Although we didn't identify the exact species of plan fragments
found through the proﬁle, all of them belong to terrestrial plant as in-
dicated by their high C/N ratios ranging from 20.0 to 46.0 (Fig. 3c). The
δ13CPL values in the HYXS section fall principally into the range of those
from C3 plants (ca.−30‰ to−22‰, Farquhar et al., 1989) instead of
C4 plants (ca. −19‰ to −9‰, Farquhar et al., 1989) through the
investigated period (Fig. 3d). Therefore, the carbon isotopic composi-
tions of terrestrial plants in this proﬁle are mainly inﬂuenced by the
rate of photosynthesis and stomata conductance, which is largely in-
ﬂuenced by diﬀerent environmental conditions, including atmospheric
CO2 concentration and its isotope, temperature, precipitation, relative
air humidity, soil moisture and irradiance (Ehleringer and Cooper,
1988). Among them, temperature, atmospheric CO2 concentration and
isotopic values, and precipitation are the most important factors.
Many studies have been proposed a positive correlation between
temperature and δ13C (e.g., Stuiver and Braziunas, 1987; Saurer et al.,
1995; G.A. Wang et al., 2013), although negative and no signiﬁcant
correlations have also been occasionally reported elsewhere (Wang
et al., 2006). A comprehensive investigation of many species across a
temperature gradient along the 400 mm mean annual precipitation
isoline in northern China (G.A. Wang et al., 2013) suggested a positive
temperature eﬀect on δ13C in plants, with the rate of approximately
0.1‰/°C. Therefore, with the ~10 °C variations in the summer tem-
perature over the studied, it only accounts for the ~1‰ variation in
δ13CPL, less than the up to 2.0‰ variation (Fig. 4). Also, the variation of
the δ13CPL (Fig. 4d) shows no well relation with the reconstructed
summer temperature and water temperature related to air temperature
in the region (Hou et al., 2015; H.Y. Wang et al., 2015; Z. Wang et al.,
2015, Fig. 4a). For instance, the δ13CPL sharply increased from lowest
Fig. 2. Stratigraphy, AMS 14C data for age model and the pictures of the HYXS section.
Table 1
14C-AMS date for HYXS section chronology.
Lab. code Depth (cm) Material Measured 14C
age (BP)
Calibrated ages
(cal yr BP) (median
probability)
Beta-396771 50–52 Plant residue 0 ± 0 0
Beta-425565 90–92 Plant residue 3000 ± 30 3200
XA13273 130–132 Plant residue 3707 ± 32 4042
Beta-396772 190–192 Plant residue 4470 ± 30 5171
Beta-396775 220–222 Plant residue 7190 ± 30 7995
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value to its maximum (−27.2‰ to 25.2‰) in HYXS section at
~8400–6000 cal yr BP, while the summer temperature was at a stable
high level (Hou et al., 2015). Therefore, although variation in δ13C
values of terrestrial plants should be inﬂuenced by temperature
changes, the temperature was not the main controlling factor for δ13CPL
variation in the studied region.
Also, since atmospheric CO2 is the ultimate source of all land-plant
carbon, pCO2 level and the δ13C value of the atmospheric CO2 would
exert inﬂuence on the δ13C values of plants (Park and Epstein, 1960).
For instance, increased pCO2 level would result in the decreased plant
tissues δ13C value (Schubert and Jahren, 2012). The δ13C values of
plant leaves can decrease by 2.0‰ for a 100 ppm increase in atmo-
spheric CO2 concentration (Feng and Epstein, 1995). From ~8400 to
present, atmospheric CO2 concentration only changed by ~20 ppm
(Fig. 4b, Monnin et al., 2004), attributing to 0.4‰ decrease in the δ13C
values of plant leaves. However, the δ13C value of the atmospheric CO2
increased by 0.3‰, contrasting the decreasing eﬀect of pCO2 on δ13C
values of terrestrial plants (Fig. 4c, Elsig et al., 2009). Clearly, the
variation in atmosphere pCO2 together with the slightly changed δ13C
value in atmospheric CO2 also should not result in δ13CPL changes by
2.0‰ in the HYXS section. In view of that, temperature and atmosphere
CO2 only act as minor contributors on the carbon isotopic variations in
terrestrial plants, and the precipitation/eﬀective moisture seems to be
the major controller, at least in the studied region.
Usually, a shortage of water causes plants to close their stoma, re-
ducing the intercellular partial pressures of CO2 in the plants, leading to
higher δ13C values of plants living in drier conditions, and vice versa. In
fact, the eﬀect of precipitation on plants δ13C has been intensively
evaluated by many studies (Wang et al., 2008; Diefendorf et al., 2010),
and all these studies seem to suggest that except in extreme wet en-
vironments, leaf δ13C values of C3 plants generally decrease with in-
creasing rainfall. Besides, numerous studies have shown that the re-
lative humidity, as well as the amount of precipitation, is generally
negatively relative to the δ13C of terrestrial plants (Farquhar et al.,
1982; Ning et al., 2008). In arid northwestern China, variation in δ13C
values of terrestrial plants or their molecular biomarkers have been
usually explained to be caused by precipitation (Liu et al., 2005; X.
Wang et al., 2013; Rao et al., 2016). For instance, in the Chinese Loess
Plateau, which is close to the Lake Qinghai area, the mean δ13C values
decrease 0.49–1.1‰ when the annual precipitation increased by
100 mm (Wang et al., 2003; Liu et al., 2005). On the northeastern TP,
many studies suggested that the carbon isotopic composition of ter-
restrial C3 plants is very sensitive to changes of precipitation amount,
with the δ13C values of modern plants decreasing with increasing
amount of precipitation (Li et al., 1999, 2004, 2007). In addition, most
of terrestrial plants only photosynthesize in the summer season because
of the cold climatic condition on the northeastern TP. Therefore, the
δ13CPL changes in the HYXS section can be used to indicate changes of
summer precipitation and eﬀective moisture for the period of ~8400 to
present. The low leaf δ13C value in the HYXS section generally indicates
increased eﬀective summer precipitation/moisture around Lake Qin-
ghai area on the northeastern TP, and vice versa.
5.2. Color parameters and TOC of soil as supplementary precipitation/
moisture indicators
Organic matter, carbonate and iron oxides materials are the three
major geochemical contributors inﬂuencing soil color property (Deaton
and Balsam, 1991; Ji et al., 2002, 2005; Yang et al., 2014; Sun et al.,
2011). Brightness/lightness (L) is closely linked with organic matter
concentration (Yang et al., 2014), and a* is mainly controlled by the
type and concentration of iron oxides, especially hematite (Ji et al.,
2001; Sun et al., 2011). Therefore, color parameters can be used as
precipitation proxies for the loess and lakes in arid northern China (Ji
et al., 2005; Sun et al., 2011). Considering the higher concentration of
primary iron oxides than that of the pedogenic iron oxide fraction in
this arid area (Jia et al., 2012), brightness is suggested to a suitable
proxy for reconstructing past precipitation in the dried northwestern
China (Chen et al., 2016). On the northeastern TP, the TOC content of
soils was positively correlated with annual precipitation and soil
moisture, but was negatively correlated with temperature (Hu et al.,
2006; Zhang et al., 2009). It is reasonable to assume that high pre-
cipitation should lead to high productivity in terrestrial plants, and low
temperature would slow down the degradation of organics (Hu et al.,
2006; Zhang et al., 2009). Therefore, color parameters and TOC of soil
can be good supplementary precipitation/moisture indicators in the
studied region. Similar variations among the soil color property, ter-
restrial plants productivity and their δ13C values further support this
idea.
5.3. Precipitation/moisture change over the past 8400 yrs
By using those three proxies together, we can conﬁdently re-
construct the precipitation/moisture variation in the Lake Qinghai area
over the past 8400 yrs. Basically, the precipitation/moisture evolution
of the Lake Qinghai region in the middle Holocene from ~8400 to
present is classiﬁed into the following four stages (Fig. 3): a wetter
period during 8400–7400 cal yr BP, a dry interval between ~7400 and
6000 cal yr BP, then a wet episode from 6000 to 3200 cal yr BP. After
3200 cal yr BP, the moisture in the region varied in the moderate va-
lues, tentatively suggesting that precipitation in the region over the late
Holocene was neither too high nor too low.
Speciﬁcally, during 8400–7400 cal yr BP, the lower δ13CPL value,
lower soil brightness and higher soil TOC content indicate a wet cli-
matic condition at the Lake Qinghai region (Fig. 3). The modern ter-
restrial C3 plants have their mean δ13C value of −25.8‰ in the Lake
Qinghai region (Liu et al., 2013), where the current mean annual pre-
cipitation is about 400 mm (Liu et al., 2009). The atmospheric CO2 δ13C
was over −6.5‰ before 7400 cal yr BP (Fig. 4), but the measured
modern atmospheric CO2 δ13C is almost lower than −8.5‰ in Wali-
guan nearby Lake Qinghai (Schubert and Jahren, 2012). Therefore,
based on the relationship between plant δ13C values and precipitation,
δ13C decreases by 0.49–1.1‰ when the annual precipitation increased
by 100 mm (Wang et al., 2003; Liu et al., 2005), the inferred summer
precipitation was at least> 670 mm under a warm climate condition
considering variation in δ13C value of atmospheric CO2 before
7400 cal yr BP (Fig. 4). This suggests that the summer precipitation
before 7400 cal yr BP in the Lake Qinghai region is much higher than
the modern time.
From ~7400 to 6000 cal yr BP, the increased δ13CPL value and soil
brightness indicate that the summer precipitation decreased, which also
agrees with the low soil TOC content (Figs. 3b, 4a). The calculated
summer precipitation suggests a minimum value of 520 mm in the
period from ~7400 to 6000 cal yr BP, which was still higher than the
modern precipitation amount (400 mm, Liu et al., 2009). However, the
δ13CPL values in this period are lower than the one from the modern
terrestrial C3 plants in the same area (−25.8‰, Liu et al., 2013),
probably due to oﬀset in δ13C in diﬀerent species. Considering that the
summer temperature was very high in this period (Fig. 4a), high δ13CPL
value might be further inﬂuenced by high temperature from 7400 to
6000 cal yr BP in this region, but in an insigniﬁcant way.
The low δ13CPL value and soil brightness show that the summer
precipitation has increased after ~6000 cal yr BP, and the increased
summer precipitation reached its peak value in the period from ~4000
to 3500 cal yr BP in this region (Fig. 3). Meanwhile, increased terres-
trial plant productivity under wet climate also can be supported by the
increasing soil TOC content during this period. The inferred summer
precipitation was about 600 mm with decreased temperature after
6000 cal yr BP (Fig. 4a, d). According to calculated precipitation based
on the isotopic results, the summer precipitation/moisture appears to
be higher during ~8400 to 7400 cal yr BP than that during 6000 to
3200 cal yr BP. However, when we consider the up to 10 °C
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temperature diﬀerence between these two periods, potentially ac-
counting for a ~1‰ variation in δ13CPLvalues, the summer precipita-
tions/moistures during these two periods are probably comparable to
present day. Also, the brightness and TOC records suggest comparable
moisture/precipitation situation in these two periods. Therefore, the
calculated summer precipitation values above can only provide a qua-
litative or semi-quantitative evaluation instead of quantitative one.
5.4. Comparison with other records from the northeastern Tibetan Plateau
Although we understand the chronological oﬀset between the se-
dimentary proﬁle and meadow section due to the complicated reservoir
eﬀect on the δ14C dates in lake sediments. The pattern of summer
moisture/precipitation evolution recorded by HYXS section around the
Lake Qinghai area is similar with other records from Tibetan Plateau as
a whole, where the climate was wettest before 8000 cal yr BP, and
became slightly drier after that (Gasse et al., 1991; Zhang and Mischke,
2009; Herzschuh et al., 2014). For instance, changes of δ13CPL values in
HYXS section showed very similar trend with δ13C values of C31 n-al-
kane in core 1F (Fig. 5a, W.G. Liu et al., 2015). The result of ostracod
assemblage suggested that the water depth decreased from 7400 to
6000 cal yr BP in Lake Hala, about 200 km northwest of Lake Qinghai
(Yan and Wünnemann, 2014). The pollen data in the Lake Kuhai area
which is about 175 km south of Lake Qinghai, suggested that the pre-
cipitation was very high before 8000 cal yr BP, then suddenly decreased
in the period of 7000 to 6000 cal yr BP, kept in a higher level with
decreased trends since 6000 to 3000 cal yr BP (Fig. 5b).
In addition, the pollen data from Lake Hurleg shows that the climate
was wet since 8500 to 3000 cal yr BP (Zhao et al., 2007), and two high
lake levels are dated to 6800–6400 cal yr BP and 5000–4700 cal yr BP
corresponding to relatively wet and stable climate during the middle
Holocene in the Qaidam Basin (Fan et al., 2014). Meanwhile, as re-
ported in a study from an ice core at Dunde ice cap at 5325 m a.s.l., the
climate was very wet as suggested by high A/C ratios and pollen con-
centrations between 10,000 cal yr BP and 4800 cal yr BP in the
northern edge of the Qaidam Basin (Liu et al., 1998). In addition, the
alkenone results from a core showed that lake level decreased after
8000 cal yr BP in Lake Gahai in the eastern Qaidam Basin (Fig. 5c, He
et al., 2014). They suggested that temperature induced evaporation
could signiﬁcantly aﬀect regional hydrological balance in the arid
marginal region, resulting in the discrepancy with the Holocene long-
term precipitation decreasing trend in the Asian monsoon-dominated
regions (He et al., 2014). It seems that the pattern of moisture/pre-
cipitation evolution in Qaidam Basin was also not completely consistent
with that of the Lake Qinghai area recorded by δ13CPL in the HYXS
section (Fig. 5c), probably due to complicated interaction between the
EASM and the ISM.
There are diﬀerent opinions on the relative importance of changing
moisture sources for explaining precipitation evolution in the Lake
Qinghai area. Some studies suggested that the moisture transported by
the EASM was the main source of precipitation (Xu et al., 2007), but
other studies suggested that the ISM was dominant in this region (Liu
et al., 2007). Here we compare our moisture records with the moisture
availability from the two individual climatic systems. A composited
stalagmite δ18O record (Fig. 6a, Cheng et al., 2016) is chosen as the
proxies for intensity of the ISM precipitation, and the EASM pre-
cipitation variability was calculated based on pollen data from Lake
Gonghai on the northeastern margin of the Chinese Loess Plateau
(Fig. 6b, Chen et al., 2015). Generally, our precipitation records don't
follow the moisture availability from either the EASM or ISM (Fig. 6),
suggesting that the moisture in the Lake Qing region is not controlled
by a single climatic system. Interestingly, the precipitation decreasing
event at 6000–7000 cal yr BP seems to correlate well with the ISM in-
tensity instead of the EASM one. This somehow implies that the ISM is
the major contributor in this speciﬁc millennial-scale period. The cli-
mate system is much more complicated on the northeastern TP located
at the margin of the EASM and ISM inﬂuences than other regions on the
TP. We suspect that the marginal region might be inﬂuenced by both
the ISM and the EASM over the last 8000 years, but in diﬀerent way at
diﬀerent episodes.
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Fig. 5. Comparison of terrestrial plant fragments δ13C va-
lues from the HYXS section over the past 8000 yrs. with
δ13C values of leaf wax n-alkanes (C31) (W.G. Liu et al.,
2015), reconstructed precipitation based on pollen data in
Lake Kuhai area (yellow, 5b) and wet-dry (lake level)
changes indicated by n-alkane ACL from Lake Gahai on the
northeastern Tibetan Plateau (green, 5c, He et al., 2014).
(For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this
article.)
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6. Conclusions
In this study, varied summer precipitation/moisture over the past
8400 yrs was reconstructed using TOC, δ13C of terrestrial plant leaf and
soil color property in the HYXS section near Lake Qinghai. All the data
show much wet climates at 8400–7400 cal yr BP, dry climates at
7400–6000 cal yr BP and then wet conditions with ﬂuctuation at
6000–3200 cal yr BP. Late Holocene moisture appears to be comparable
with moist conditions from 6000 to 3200 cal yr BP. By further com-
paring the climatic variations in the Lake Qinghai area with records of
the reconstructed summer temperature and the Asian monsoon pre-
cipitation, we believe that the pattern of moisture/precipitation evo-
lution in the Lake Qinghai area was not completely consistent with
regions around Lake Qinghai, probably due to complicated interaction
between the East Asian Summer Monsoon and the Indian Summer
Monsoon.
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